1. Introduction {#sec1-materials-10-00853}
===============

In recent years, the need for improvement in the quality of residential environments has been increasing. In particular, the need for comfortable indoor air quality is increasing. Today, people spend 70 percent of their time indoors \[[@B1-materials-10-00853]\]. Therefore, their health can be directly linked to indoor air quality. Several types of indoor air pollutants have been detected in indoor environments. Formaldehyde and volatile organic compounds (VOCs) are typical pollutants. They are used as the main ingredients of paint solutions, silicon sealant, rubber, and various adhesives. In particular, VOCs are released from various building materials such as interior finishing materials, paints, and adhesives, and are then discharged into the indoor air. Therefore, it is important to use low-emission materials or to remove the pollutants through adsorption because they have a negative impact on the health of the human body \[[@B2-materials-10-00853],[@B3-materials-10-00853]\]. Among the VOCs, toluene causes air pollution and damages human health, and can lead to severe neurological harm \[[@B4-materials-10-00853]\]. For this reason, research has been undertaken on methods to remove pollutants using adsorbents. The use of adsorbent is the basis of all adsorption techniques. Some porous materials such as graphene, activated carbon, and nanoporous carbon have been reported for VOC removal \[[@B5-materials-10-00853],[@B6-materials-10-00853],[@B7-materials-10-00853],[@B8-materials-10-00853],[@B9-materials-10-00853]\]. Also, porous materials that contain nanoscale porous material have been widely used to eliminate VOCs through their excellent adsorption capacities \[[@B10-materials-10-00853],[@B11-materials-10-00853]\]. Furthermore, porous materials are advantageous in adsorption due to their high specific surface area and porosity \[[@B12-materials-10-00853],[@B13-materials-10-00853]\]. The porosity and specific surface area of a material are critical factors in determining their adsorption performance for pollutants \[[@B14-materials-10-00853]\]. Surface area, pore volume, and pore size are the most important properties of porous materials, since these characteristics determine their adsorption performance. Brunauer--Emmett--Teller (BET) analysis, which is typically used to analyze these porous characteristics \[[@B15-materials-10-00853]\], is commonly based on nitrogen or argon adsorption isotherms at the boiling points of nitrogen and argon of 77 K and 87.15 K, respectively. However, CO~2~ may be used when measurement using nitrogen and argon isotherms is not possible \[[@B16-materials-10-00853]\]. Adhesive mortar is widely used to install interior finishing materials such as ceramic tiles and other decorative materials or polystyrene sheets \[[@B17-materials-10-00853],[@B18-materials-10-00853]\]. The pollutants emitted from an adhesive mortar can directly affect indoor air quality. Since indoor air quality has become increasingly more important, the Korean government implemented the Construction Standard of Healthy-Friendly House in 2014. Appendix 6 of the Construction Standard of Healthy-Friendly House specifies the adsorption performance requirements for toluene and formaldehyde of building materials. The requirements are based on the adsorption rate and the total mass per area of sorption using the 20 L small chamber method, according to ISO 16000-23 and ISO 16000-24 \[[@B19-materials-10-00853],[@B20-materials-10-00853]\]. For toluene adsorption performance, an adsorption rate of over 65% is required, and the total mass per area of sorption must be higher than 28,000 μg/m^2^.

In the preceding research, the adsorption performance of the raw material was mainly evaluated. However, in order to realize actual performance in residential space, it is necessary to study the case applied to building materials. In this study, the selection of the adsorbent materials was based on the porosity and specific surface area analysis of carbon materials using the Brunauer--Emmett--Teller (BET) equation. The adsorption material for the adhesive mortar was analyzed according to the toluene adsorption performance using a 20 L small chamber. The physical properties were tested according to the Korean Standard, KS L 1592 method \[[@B21-materials-10-00853]\]. The shear bond strength, length change rate, and water retention rate were analyzed for actual usability. [Figure 1](#materials-10-00853-f001){ref-type="fig"} shows a flow diagram of the entire experiment.

2. Experimental {#sec2-materials-10-00853}
===============

2.1. Materials {#sec2dot1-materials-10-00853}
--------------

Among the porous carbon materials, including expandable graphite (EG), exfoliated graphite nanoplatelets (xGnP), and C-grade xGnPs (xGnP C-300, xGnP C-500, and xGnP C-750), a total of five porous carbon materials were prepared for use as adsorbents. The EG and xGnP were arranged from sulfuric acid-intercalated expandable graphite (3772) obtained from Asbury Graphite Mills, Inc. (Asbury, NJ, USA) by applying the cost and time-effective exfoliation process initially proposed by Drzal's group \[[@B22-materials-10-00853]\]. The C-grade xGnPs have different surface areas, ranging from about 300 m^2^/g to 750 m^2^/g. All of the C-grade xGnP materials have a small flake morphology, with particle sizes that are larger in the lower surface area materials and smaller in the higher surface area materials. The C-grade xGnPs were obtained from XG Science, Inc. (Grand Oak Drive, Lansing, MI, USA). Mortar adhesive was sourced to assess the performance of the toluene adsorption when applying the adhesive to a porous carbon material. The mortar adhesive (PA-7000) was obtained from SSANGKOM Corporation (Jung-gu, Seoul, Korea).

2.2. Test Method {#sec2dot2-materials-10-00853}
----------------

### 2.2.1. Porosity and Morphology Analysis for Adsorbent Material {#sec2dot2dot1-materials-10-00853}

All porous carbon materials were analyzed by BET (TriStar 3000, Micromeritics Instrument Corp., Communications Drive, Norcross, GA, USA) using an auto nitrogen adsorption instrument. In addition, to determine their porosity, the porous carbon materials were observed by scanning electron microscopy (JSM-6360A, JEOL, Dearborn Road, Peabody, MA, USA) at room temperature for morphological analysis. An SEM with an accelerating voltage of 12 kV and working distance of 12 mm was used to capture the SEM images. The samples were coated with a gold coating of a few nanometers thickness \[[@B23-materials-10-00853]\].

### 2.2.2. Evaluation of Toluene Adsorption Performance Using a 20 L Small Chamber {#sec2dot2dot2-materials-10-00853}

After selecting the xGnP C-500 as adsorbent material through BET and SEM analysis, a common mortar adhesive widely used in interior building materials was added to the adsorbent material. [Table 1](#materials-10-00853-t001){ref-type="table"} shows the mixing ratio of the xGnP C-500 as adsorbent material and mortar adhesive. The reference mortar adhesive without xGnP C-500 (MA/Ref.) and mortar adhesive with xGnP C-500 3 wt % (MA/x3) were dried for 48 h at 25 °C and 50% relative humidity. The toluene adsorption performance of the specimen was tested using a 20 L small chamber. The 20 L small chamber was developed in Japan to determine the emission levels of formaldehyde and VOCs from construction materials and paints, of which the performance \[[@B24-materials-10-00853]\] complies with the ASTM (D5116-97 and D6007-96) \[[@B25-materials-10-00853],[@B26-materials-10-00853]\] and ECA (Nos. 2, 8, 13, and 16) \[[@B27-materials-10-00853],[@B28-materials-10-00853],[@B29-materials-10-00853],[@B30-materials-10-00853]\]. The 20 L small chamber test was carried out according to ISO 16000-23 and ISO 16000-24 \[[@B19-materials-10-00853],[@B20-materials-10-00853]\]. ISO 16000-23 and 24 specifies a general laboratory test method for evaluating the reduction in concentration of formaldehyde or volatile organic compounds (VOCs) by sorptive building materials. The sorption of pollutants can be brought about by adsorption, absorption, and chemisorption. The performance of the material, with respect to its ability to reduce the concentration of formaldehyde or VOCs in indoor air, is evaluated by measuring sorption flux and saturation mass per area.

### 2.2.3. Evaluation of Physical Properties of Adsorption Mortar Adhesive {#sec2dot2dot3-materials-10-00853}

The adhesive strength of mortar adhesive should be suitable for maintaining a constant strength when applying the adsorption material. Therefore, the physical properties of the mortar adhesive were analyzed both independently of the adsorbent material and when added to the adsorbent material. [Table 1](#materials-10-00853-t001){ref-type="table"} shows the mixing ratio of the xGnP C-500 as adsorbent material and mortar adhesive for measuring the physical properties. [Table 2](#materials-10-00853-t002){ref-type="table"} shows the composition of the ingredients of the mortar adhesive. The shear bond strength, length change rate, and water retention rate were measured. The test was performed according to the Korean Standard, KS L 1592 method \[[@B19-materials-10-00853]\].

3. Results and Discussion {#sec3-materials-10-00853}
=========================

3.1. Porosity and Morphology Analysis of Porous Carbon Material for Adsorbent Material {#sec3dot1-materials-10-00853}
--------------------------------------------------------------------------------------

The specific surface area, pore diameter, and pore volume of the porous carbon materials were analyzed by BET analysis. The porous carbon materials were characterized by N~2~ adsorption at 77 K using a Micromeritics model TriStar 3000 analyzer and were outgassed for 24 h at 573 K to remove any moisture or adsorbed contaminants present on their surface. [Figure 2](#materials-10-00853-f002){ref-type="fig"}a,b shows the selected adsorption and desorption isotherms of N~2~ at 77 K for porous carbon materials, respectively. The xGnP and EG were determined to have low adsorption amounts compared with the other porous materials. The xGnP C-300 grade, xGnP C-500 grade, and xGnP C-750 grade materials tended to increase gradually according to the grade. The xGnP C-750 showed the highest level of adsorption and indicated a constant amount of adsorption during the pressure change. [Figure 3](#materials-10-00853-f003){ref-type="fig"}a,b shows the pore size distribution and pore volume of each porous carbon material. The porous carbon materials have a narrow pore size distribution. The pore sizes were mainly distributed below 10 nm, indicating that the porous carbon materials have a mesoporous pore diameter. The pore volume can be calculated from Equation (1). [Figure 3](#materials-10-00853-f003){ref-type="fig"}b shows the calculated pore volume. xGnP C-750 has the largest pore volume and xGnP has the lowest. $${Pore}\ {volume} = \sum\limits_{Pore\ diameter}Pore\ size\ distribution$$

[Figure 4](#materials-10-00853-f004){ref-type="fig"} shows the BET surface area of each porous carbon material. The xGnP C-750 had the widest specific surface area of 591.67 m^2^/g, while the xGnP had the narrowest specific surface area of 15.63 m^2^/g. The EG, xGnP C-300 grade, xGnP C-500 grade, and xGnP C-750 grade materials had specific surface areas of 19.81, 285.20, 450.38, and 591.67 m^2^/g, respectively. Therefore, the xGnP C-grade carbon materials had excellent specific surface areas. [Figure 5](#materials-10-00853-f005){ref-type="fig"}a,b shows the pore volume and average pore diameter, respectively, in the adsorption and desorption of porous carbon materials. The pore volumes of the xGnP C-500 grade and xGnP C-750 grade carbon materials were 0.7169 and 0.8525 cm^3^/g in adsorption and 0.7234 and 0.8679 cm^3^/g in desorption, respectively. The average pore diameter of xGnP C-500 was 9.58 nm in adsorption and 9.22 nm in desorption. From these measurement results, the average pore size of xGnP C-500 grade was approximately 137.3% that of xGnP C-750. However, the pore volume of xGnP C-500 grade was approximately 83.7% that of xGnP C-750. From the BET analysis, the xGnP C-500 grade had excellent pore diameter, pore volume, and specific surface area. Therefore, xGnP C-500 was selected as the adsorbent material.

The morphology and microstructure of the carbon materials were analyzed by scanning electron microscopy (SEM, JEOL JSM-6360A). [Figure 6](#materials-10-00853-f006){ref-type="fig"} shows SEM images of all the porous carbon materials tested. xGnP C-300, xGnP C-500, and xGnP C-750 had a small microstructure, indicating the materials showed the same tendency as that for the specific surface area. The morphology analysis revealed that the porous carbon material having a large specific surface area has many mesoporous pores, as shown in the SEM image in [Figure 6](#materials-10-00853-f006){ref-type="fig"}, and a good toluene adsorption performance is thus expected according to the microstructure of the porous carbon materials.

3.2. Evaluation of Toluene Adsorption Performance Using 20 L Small Chamber {#sec3dot2-materials-10-00853}
--------------------------------------------------------------------------

The toluene adsorption performance of the adsorbent material was tested using the 20 L small chamber method. [Table 3](#materials-10-00853-t003){ref-type="table"} shows the test conditions. The mortar adhesive specimens were prepared to test the adsorption amount of toluene. [Figure 7](#materials-10-00853-f007){ref-type="fig"} shows the developed specimen. The test specimens prepared by varying the mixing ratio of xGnP C-500 grade were used to evaluate the adsorption performance of the adsorbent material. [Figure 8](#materials-10-00853-f008){ref-type="fig"} shows the adsorption rate of toluene. The adsorption rate is calculated using Equation (2) as follows. $$R_{a} = \left\lbrack {(C_{in,t} - C_{out,t}} \right)/C_{in,t}\rbrack \times 100$$ where $R_{a}$ is the adsorption rate (%), $C_{in,t}$ is the supply air concentration with elapsed time (μg/m^3^), and $C_{out,t}$ is the exhaust air concentration with elapsed time (μg/m^3^). The difference between the supply air concentration and exhaust air concentration can determine the amount of toluene contaminant the specimen has adsorbed. The emission rate of MA/Ref. and MA/x3 were 5.936 and 26.137 μg/m^2^·h, respectively. The adsorption ratio of MA/Ref. after 1, 3, 5, and 7 days was 47.82, 41.89, 42.48, and 41.47%, respectively. However, the adsorption ratio of MA/x3 after 1, 3, 5, and 7 days was 68.79%, 56.67%, 47.68%, and 51.23%, respectively. As emission rate is high, the result of MA/x3 may be different from the trend of general adsorption ratio. The toluene adsorption rate increased by 28.7% on average after seven days, implying that the xGnP C-500 grade material improves the adsorption performance of the mortar adhesive.

$$F = \left( {C_{in,t} - C_{out,t}} \right) \times Q_{c}/A$$ $$S_{c} = \sum\limits_{i}\left( F_{i} \times \mathrm{\Delta}T_{e,i} \right)$$ where $F$ is the adsorption flux (μg/m^2^·h), $C_{in,t}$ is the supply air concentration with elapsed time (μg/m^3^), $C_{out,t}$ is the exhaust air concentration with elapsed time (μg/m^3^), $Q_{c}$ is the ventilation rate of the chamber (m^3^/h), $A$ is the surface area of the specimen (m^2^), $S_{c}$ is the total amount of adsorption (μg/m^2^), and $T_{e}$ is the elapsed time. [Figure 9](#materials-10-00853-f009){ref-type="fig"} shows the total amount of toluene adsorption, where the total amount of toluene adsorption mixed with 3 wt % of the xGnP C-500 grade specimen, MA/x3 was 23,626 μg/m^2^ and the total amount of toluene adsorption without the xGnP C-500 grade specimen, MA/Ref. was 19,371 μg/m^2^. The adsorption performance of the specimen mixed with xGnP C-500 grade as the adsorbent material was improved by about 22%, which means that the toluene adsorption performance of the mortar adhesive had significantly improved.

3.3. Evaluation of Physical Properties of Adsorption for Mortar Adhesive {#sec3dot3-materials-10-00853}
------------------------------------------------------------------------

An experiment was conducted in order to verify the fundamental physical properties of the mortar adhesive for the shear bond strength, the length change rate, and the water retention rate when mixed with the xGnP C-500 as adsorbent material. The measurements were carried out according to the Korean Standard, KS L 1592:2011 \[[@B21-materials-10-00853]\]. [Table 4](#materials-10-00853-t004){ref-type="table"} shows the test results of the mortar adhesive. The shear strengths were measured three times: 7 days air dry curing, 28 days air dry curing, and 28 days air dry curing after freezing and thawing. The measured shear bond strengths without the adsorbent material, MA/Ref. were 1.86, 2.25, and 1.75 N/mm^2^ after 7 days air dry curing, 28 days air dry curing, and 28 days air dry curing, respectively, after freezing and thawing. The length change rate and water retention rate of MA/Ref. were 0.15% and 89%, respectively. However, the measured shear bond strengths of the mortar adhesive mixed with the adsorbent material, MA/x3 were 1.10, 1.23, and 0.72 N/mm^2^ after 7 days air dry curing, 28 days air dry curing, and 28 days air dry curing after freezing and thawing, respectively. The length change rate and water retention rate of MA/x3 were 0.11% and 93%, respectively. As a result, the shear bond strength of mortar adhesive decreased when the mortar adhesive was mixed with the adsorbent material. The required physical performance of KS L 1592 was satisfied, even though the adhesive strength had decreased.

4. Conclusions {#sec4-materials-10-00853}
==============

Porous carbon materials are widely used as adsorbent materials for adsorbing pollutants due to their excellent porosity and their wide range of specific surface areas, pore diameter, and pore volume. Therefore, the pore diameter, pore volume, and specific surface area were analyzed using BET to select the adsorbent material. Among the porous carbon materials tested, xGnP C-500 had better pore diameter, pore volume, and specific surface area as adsorbent material than other porous carbon materials. The porous properties of xGnP C-500 grade was 450.38 m^2^/g of BET surface area, 0.7169 cm^3^/g of pore volume in adsorption and 9.58 nm of average pore diameter, respectively. The selected xGnP C-500 as an adsorbent material was mixed with a commonly used mortar adhesive; mortar adhesive is widely used in the interior finishing of building materials, and is known to contain various pollutants. The toluene adsorption performance of the mortar adhesive when mixed with the adsorbent material, xGnP C-500, was evaluated using a 20 L small chamber test according to ISO 16000-23 and 24 \[[@B19-materials-10-00853],[@B20-materials-10-00853]\]. It was confirmed that the toluene adsorption performance of the mortar adhesive mixed with xGnP C-500 improved by 28.7% of toluene adsorption rate after seven days on average and 22% of total amount of adsorption toluene, respectively. Therefore, it is possible to reduce the concentration of toluene released from finishing of building materials in the construction stage using xGnP C-500 grade as adsorbent. The physical properties of the prepared specimen using adsorbent material were also analyzed. The measurements were carried out according to the Korean Standard, KS L 1592:2011 \[[@B21-materials-10-00853]\]. The results of the required physical performance specified in KS L 1592:2011 \[[@B21-materials-10-00853]\] was satisfied of all tested items, even though the adhesive strength had decreased. Consequently, it was confirmed that the mortar adhesives prepared using the xGnP C-500 as adsorbent material improved the adsorption performance of toluene and satisfied the required physical properties. In further study, adsorption performance of various xGnP C grades for application of building materials will be studied.
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materials-10-00853-t001_Table 1

###### 

Mixing ratios of specimens.

  Sample                                      Mortar Adhesive (g)   Water (g)   xGnP C-500 (g)
  ------------------------------------------- --------------------- ----------- ----------------
  Mortar adhesive (MA/Ref.)                   1                     0.45        0
  Mortar adhesive/xGnP C-500 3 wt % (MA/x3)   1                     0.45        0.03

materials-10-00853-t002_Table 2

###### 

Composition of ingredients of mortar adhesive.

  Ingredients                    CAS No.      \% by Weight
  ------------------------------ ------------ --------------
  Dolomite                       16389-88-1   45--55
  Portland cement                65997-15-1   35--45
  Redispersible polymer powder   \-           4--8
  Methyl cellulose               9004-67-5    0.1--0.5

materials-10-00853-t003_Table 3

###### 

Test conditions in the 20 L small chamber.

  Test Condition                                      20 L Small Chamber
  --------------------------------------------------- -----------------------
  Sample area (m^2^)                                  0.0392
  Volume (L)                                          20
  Loading factor (area of sample/volume, m^2^/m^3^)   1.96
  Air change rate (h^−1^)                             0.5
  Flow rate (mL/min)                                  1.0
  Injection volume (μL)                               25
  Equilibration time (hour)                           24, 72, 120, 168
  Temperature (°C), Relative humidity (%)             25 ± 1.0, 50 ± 5
  Background concentration (μg/m^3^)                  HCHO: \<2, TVOC: \<20
  Analysis method                                     VOC: GC/MS

materials-10-00853-t004_Table 4

###### 

Test results of mortar adhesive.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Test Items                                            Unit      Reference Mortar Adhesive (MA/Ref.)   Mortar Adhesive with xGnP C-500 3 wt % (MA/x3)   Korean Standards (KS L 1592:2011)
  ----------------------------------------------------- --------- ------------------------------------- ------------------------------------------------ -----------------------------------
  Shear bond strength\                                  N/mm^2^   1.86                                  1.10                                             More than 1.03
  (7 days air dry curing)                                                                                                                                

  Shear bond strength\                                  N/mm^2^   2.25                                  1.23                                             More than 1.03
  (28 days air dry curing)                                                                                                                               

  Shear bond strength\                                  N/mm^2^   1.75                                  0.72                                             More than 0.69
  (28 days air dry curing after freezing and thawing)                                                                                                    

  The length change rate                                \%        0.15                                  0.11                                             Below 0.2

  The water retention rate                              \%        89                                    93                                               From 80 to 95
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
